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Structure and Magnetism of
Bis(propionato)-p-toluidinecopper(II), a Cupric Carboxylate
Adduct with a One-Dimensional Polymeric Structure

D. B. W. Yawney, James A. Moreland, and Robert J. Doedens*
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Irvine, California 92664. Received July 27, 1972

Abstract: A novel polymeric structure has been established for the p-toluidine adduct of copper(I) propionate
by a single-crystal X-ray structural analysis. Crystals of this compound are triclinic with a = 12.466 (T) A, b =
12,183 (6) A, ¢ = 11.598 (6) A, a = 116.03 (3)°, 8 = 91.73 (3)°, and v = 73.82 (3)°. Observed and calculated
densities are 1.36 (2) and 1.39 g/cm?, respectively. The structure determination was based upon 1191 independent
counter data; full-matrix least-squares refinement yielded a conventional R factor of 0.082. Evidence exists for
some disorder of the ethyl carbon atoms. The crystal structure is composed of well-separated one-dimensional
polymeric chains, extended along the a axis. Two crystallographically independent copper atoms are present,
each of which is bound in a square-pyramidal configuration to four carboxylate oxygen atoms and to the nitrogen
atom of a p-toluidine molecule. Two of the four independent carboxylate groups function as bidentate ligands
and form triatomic bridges between the two independent copper atoms. The remaining two propionate groups
form monatomic, centrosymmetric bridges between pairs of metal ions. Magnetic susceptibility data have been
measured over the range 85-302°K; these data may be fit to the equation for an isolated pair of interacting ions

of spin /.
interaction.

Copper(II) alkanoate monoadducts, Cu(O,CR),-L,
typically display room-temperature effective mag-
netic moments less than the spin-only value of 1.73 BM
and an antiferromagnetic temperature dependence of
their magnetic susceptibilities.! In general, the mag-
netic behavior of these adducts (and of the anhydrous
copper(Il) alkanoates) is well represented by eq 1, an
expression for the magnetic susceptibility of an isolated
pair of interacting ions of spin!/,.*—*

, _ g’N§® l B 1
o (Cu)——3kT[1+3exp( zf/kT)] +Na (1)

Cupric acetate monohydrate, for example, has a room
temperature effective magnetic moment of 1.40 BM and
the best fit of eq 1 to the observed xx’ vs. T data is ob-
tained for g = 2.13 and 2J = —284 cm~!.5 The nega-
tive value of 2J signifies an antiferromagnetic inter-
action, corresponding to a singlet ground state, sep-
arated by 2J from a triplet excited state. Thermal
population of these two states leads to the observed
magnetic susceptibility ps. temperature data.” The

(1) Magnetic properties of copper(Il) carboxylates and related
systems have been discussed in several recent reviews: M, Kato, H. B.
Jonassen, and J. C, Fanning, Chem. Rer., 64, 99 (1964); C. Oldham,
Progr. Inorg. Chem., 10, 223 (1968); R. L. Martin in “New Pathways
in Inorganic Chemistry,” E. A, V., Ebsworth, A. G. Maddock, and
A. G. Sharpe, Ed., University Press, Cambridge, England, 1968, pp
175-231; W. E. Hatfield and R. Whyman, Transition Metal Chem.,
5,47 (1969); G. F.Kokoszka and G. Gordon, ibid., §, 181 (1969). An
extensive tabulation of magnetic data for copper(II) alkylcarboxylates
has recently appeared.?

(2) R. W. Jotham, S. F. A. Kettle, and J. A. Marks, J. Chem. Soc.,
Dalton Trans., 428 (1972).

(3) J. H. Van Vleck, “The Theory of Electric and Magnetic Suscepti-
bilities,” Oxford University Press, London, 1932, Chapters IX and
XI1I.

(4) B. Bleaney and K. D. Bowers, Proc. Roy. Soc., Ser. A, 214, 451
(1952).

(5) B. N. Figgis and R. L. Martin, J. Chem. Soc., 3837 (1956).

(6) In this equation, x'(Cu) is the molar paramagnetic susceptibility
per Cu2* ion and the parameters specific to a particular system are the
g factor and 2J, the energy level separation resulting from the spin—
spin interaction.

(7) Jotham and Kettle® have proposed that an excited singlet state
may be of importance in accounting for the magnetic properties of

The magnetic results are interpreted in terms of a pairwise coupling model for the copper—copper

conformity of copper(Il) acetate monohydrate to this
magnetic model is readily understandable in view of its
dimeric structure (I, R = CH;).!? This structure has

also been found for adducts of copper(Il) acetate with
pyridine,!% 14 quinoline,!’ and thiocyanate,!® as well as
for adducts of other carboxylates. 7 —2!

binuclear copper(II) alkanoate derivatives; others have suggested that
existing magnetic data are insufficient to confirm the existence of such
a state. 81!

(8) R. W. Jotham and S. F. A. Kettle, J. Chem. Soc. 4, 2816, 2821
(1969); Inorg. Chem., 9, 1390 (1970), see also ref 2.

9) E. Sinn, Coord. Chem. Rev., 5, 313 (1970).

(10) A. K. Gregson, R. L. Martin, and S. Mitra, Proc. Roy. Soc.,
Ser. A, 320, 473 (1971).

(11) F. G. Herring, B. Landa, R. C. Thompson, and C. F. Schwerdt-
feger, J. Chem. Soc. 4, 528 (1971).

(12) 1. N. van Niekerk and F. R. L. Schoening, 4cta Crys!allogr‘., 6,
227(1953); R. Chidambarum and G. M. Brown, Abstract D3, American
Crystallographic Association Meeting, Gatlinburg, Tenn., June 1965.

(13) G. A. Barclay and C. H. L. Kennard, J. Chem. Soc., 5244

1961).
¢ (14; F. Hanic, D. Stempelova, and K. Hanicova, Acta Crystallogr.,
17, 633 (1964).
(15) T. N. Tarkhova and A. V. Ablov, Kristallografiya, 13, 611
1968). i
( (16; D. M. L. Goodgame, N. J. Hill, D. F. Marsham, A. C. Skapski,
M. L. Smart, and P. G. H. Troughton, Chem. Commun., 629 (1969).
(17) B. H. O’Connor and E. N. Maslen, Acta Crystallogr., 20, 824
1966).
( (18) M. Bukowska-Strzyzewska, Rocz. Chem., 40, 567 (1966).

(19) D. B, W. Yawney and R. J. Doedens, Inorg. Chem., 9, 1626

(1970).
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Many other copper(Il) alkanoate monoadducts (and
also most of the anhydrous alkanoates) exhibit mag-
netic properties similar to those of the monohydrate.
The bulk of these adducts have ues; and 2J values close
to those found for the monohydrate. Thus a recent
tabulation? lists 20 cupric alkanoate monoadducts and
six anhydrous alkanoates with best-fit 2J values (based
upon eq 1) ranging from 278 to 358 cm—!. An appar-
ent exception to this rather small dependence of the
degree of Cu—Cu interaction on the identity of L occurs
for L = aniline or substituted aniline. These addends
form complexes of the Cu(O;CR).-L stoichiometry
which display magnetic susceptibility behavior in
conformity with eq 1, but with Cu—-Cu coupling of sub-
stantially smaller magnitude. Kokot and Martin, who
carried out the initial magnetic investigations of adducts
of aniline-type bases, reported typical g and 2J values of
2.18 and — 101 cm~!, respectively.?? These parameters
give rise to a room temperature uess of ~1.75 BM, slightly
greater than the spin-only value but less than is usually
observed for magnetically dilute Cu(II) complexes.

In order to determine whether any structural basis
exists for this exceptional magnetic behavior, we de-
cided to carry out an X-ray structural determination for
a copper(ll) alkanoate adduct of aniline or a related
base. Many of these adducts are unstable or poorly
crystalline; however we were able to obtain suitable
crystals of the p-toluidine adduct of cupric propionate
under anhydrous conditions. A preliminary report of
the structural results has appeared;?® we now report full
details of the structural study together with the results
of a magnetic investigation.

Experimental Section

Preparation of the Complex. Anhydrous cupric propionate (2.1
g, 0.005 mol) and p-toluidine (1.2 g,0.011 mol) were suspended in 100
ml of toluene. The light green mixture was warmed gently with
stirring and then filtered. The solution obtained was concentrated
under a stream of N, stoppered, and cooled overnight at —10°,
The green precipitate was filtered and dried over P,O;. Recrys-
tallization at —5° from acetone containing a slight excess of p-
toluidine yielded long plate-like dark green crystals of Cu(Oq-
CGCH;).' p-CH;CsH NH,. C, H, and N analyses were performed
by Chemalytics, Inc., of Tucson, Ariz. Cu was determined locally
by neutron activation analysis. A#nal. Caled for CuCy;H 1 sNO;:
Cu, 20.07; C, 49.33; H, 6.00; N, 4.42, Found: Cu, 19.77; C,
49.33; H, 6.14; N, 4.33. The visible spectrum was obtained on a
Cary 14 spectrophotometer in CéHgand shows: 0.005 M, 3850 A, ¢
289; 6900 A, ¢ 136; 0.002 M, 35004300 A (sh), ¢ ~ 120; 6900 A,
¢ 105.

Collection and Reduction of the X-Ray Data. Precession and
Weissenberg photographs of several crystals of cupric propionate- p-
toluidine showed no evidence of monoclinic or higher symmetry;
a Delaunay reduction confirmed the assignment of this material to
the triclinic crystal system. Lattice parameters (23°, A (Cu Kay)
1.54051 A) were obtained by least-squares refinement of the setting
angles of 12 reflections which had been accurately centered on a
Picker four-circle X-ray diffractometer. The three shortest non-
coplanar lattice translations define a unit cell with a = 12.466 (7) A,
b = 12183 (6) A, ¢ = 11.598 (6) A, « = 116.03 (3)°, B8 = 91.73
(3)°, and ¥ = 73.82 (3)°. The numbers in parentheses are the
least-squares standard deviations of the setting angles. The density
of 1.36 (2) g/cm? obtained by flotation in benzene—carbon tetra-
chloride solutions agrees satisfactorily with the calculated density of
1.39 g/cm3.  Satisfactory solution and refinement of the structure
was achieved in the centrosymmetric space group P1.

(20) G. Davey and F. S. Stephens, J. Chem. Soc. A4, 2803 (1970).

(21) J. A. Moreland and R. J. Doedens, unpublished work.

(22) E. Kokot and R. L. Martin, Inorg. Chem., 3, 1306 (1964).

(23) D. B. W, Yawney and R. J. Doedens, J. Amer. Chem. Soc., 92,
6350 (1970).
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An elongated plate-like crystal of dimensions 0.32 X 0.15 X
0.10 mm was employed for the collection of intensity data, The
shortest dimension of the crystal was perpendicular to the well-
developed {012} faces; the long and short side faces were {010}
and {210}, respectively. Narrow-source, open-counter w« scans
through several reflections displayed an average full width at half-
maximum of 0.16°, indicative of suitably low mosaic spread.2*
Data were collected with Cu Ke radiation by procedures similar to
those previously described.? The diffracted beam was filtered
through 0.0005-in. nickel foil; the takeoff angle was 2.5°. The
counter aperture measured 5 X 5 mm and was positioned 24 cm
from the crystal. The pulse-height analyzer was set to admit
~907% of the Cu Ka peak. Data were collected by the §-24 scan
method with a symmetric scan range of +1.0° in 26 from the cal-
culated scattering angle. The scan rate was 1.0 deg/min, and sta-
tionary crystal-stationary counter background counts of 10 sec
were taken at each end of the scan. Copper foil attenuators were
inserted into the incident beam whenever the count rate exceeded
~10* counts/sec; a total of six reflections required attenuation.
The intensities of all independent reflections with 28 < 85° were
measured; beyond this 26 value very few reflections had intensities
significantly above background. For reflections with 26 < 50°, the
hkl form was also collected. Intensities of four standard re-
flections were measured periodically throughout data collection and
showed no significant variations.

Processing of the intensity data was carried out by previously de-
scribed methods.2.2¢  The p factor in the expression for the stan-
dard deviations was assigned a value of 0.05. In averaging the two
forms of reflections with 26 < 50°, the standard deviation of the av-
erage intensity was taken as the larger of two estimates—one an av-
erage of the two individual ¢'s and the other an estimate based on
the discrepancy between the two measured intensities, A total of
2650 data were collected; these consisted of 2031 independent data

and 519 Akl reflections. A total of 1191 reflections had F2 >
30(F?) and were employed in the final refinement. An absorption
correction was applied to the observed intensities. Based upon a
linear absorption coefficient of 21.2 cm™!, the calculated trans-
mission factors ranged from 0.74 to 0.87.

Solution and Refinement of the Crystal Structure. Initial values
of the coordinates of the nonhydrogen atoms were obtained by con-
ventional heavy-atom Patterson and difference Fourier techniques.
Refinement was carried out by full-matrix least-squares methods,
with the phenyl rings treated as rigid groups (C-C = 1.39 A, £C-
C-C = £H-C-C = 120°, C-H = 1.0 A). Early in the course of
the determination and refinement of the atomic coordinates, it be-
came evident that several of the carbon atoms of the ethyl groups
were subject to disorder. This problem was particularly acute for
the ethyl group bound to C(4); its symptoms included the appear-
ance on difference maps of chemically reasonable alternative
atomic positions, high-thermal parameters, and bond distances
which deviated somewhat from their expected values, Attempts to
further define this problem were made by calculation of difference
maps based upon F. values which did not include the contributions
of the suspect groups and by refinement of various fractional atom
models for the disorder. Of several such models explored, only
one yielded significant improvement over an ordered model in
which the two largest chemically reasonably peaks in the vicinity of
each ethyl group were taken as carbon atoms. The disordered
model included two alternatives for C(6), each weighted as 50%; of a
full carbon atom. This equal weighting was based on the nearly
equal peak heights observed on difference maps. Discrepancy
factors at convergence for the three fully refined models were the
following: ordered model, isotropic thermal parameters for all
atoms, Ry = 0.116, R, = 0.136; ordered model, copper atoms

(24) T. C. Furnas, Jr., “Single Crystal Orienter Instruction Manual,"*
General Electric Co., Milwaukee, Wis., 1957,

(25) P. W. R. Corfield, R. J. Doedens, and J. A. Ibers, Inorg. Chem.,
6, 197 (1967); R.J. Doedens and J. A, Ibers, ibid., 6, 204 (1967).

(26) Programs employed in this structural analysis included local
versions of PIcK (J. A, Ibers), for cell refinement and generation of dif-
fractometer settings; PickouT (R. J. Doedens, J. A, Ibers), for data
processing; GoNO (W. C, Hamilton), for absorption correction;
FORDAP (A. Zalkin), for Fourier summation; uUclGLs (derived from
Busing, Martin, and Levy’s ORFLS), for structure factor calculations and
least-squares refinement; ORFFE (Busing, Martin, and Levy), for func-
tion and error calculations; PLANET (D. L. Smith), for least-squares
plane calculations; paNFiG (R. J. Dellaca, W, T. Robinson) and
orTEP (C. K. Johnson), for preparation of figures; and rscan (R. J.
Doedens), for evaluation of the weighting scheme, All computations
were carried out on the local PDP-10 computer.
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Table I. Atomic Positional and Thermal Parameters for Cu(O:CC:Hs); - p-CH;C¢H,NH,
Atom x y z B A:
Cu(l) 0.1343 (2)= —0.0387 (3) 0.0159 (3)
Cu(2) 0.3630 (2) 0.0365 (3) 0.0426 (3)
o(1) 0.2291 (12) —0.1436 (12) 0.0850 (12) 5.6(3)
0oQ2) 0.3938 (11) —0.1321 (13) 0.0377 (13) 6.0 (4)
0@3) 0.1068 (12) 0.1113 (13) 0.1800 (14) 6.1(4)
0(4) 0.2828 (11) 0.1223 (12) 0.2122(12) 5.3(3)
O(5) 0.0365 (11) 0.0596 (12) —0.0617 (12) 5.54)
0O(6) 0.1714 (14) 0.1355 (14) —0.0771 (14) 7.8(4)
o7 0.4498 (11) —0.0346 (12) —0.1183(13) 5.0(3)
0(8) 0.3398 (14) —0.1368 (14) —0.2462 (15) 8.2(4)
N(1) 0.1568 (12) —0.1863 (14) —0.1652 (14) 4.6 (4)
N(2) 0.3551 (12) 0.2052 (14) 0.0359 (15) 4.9(4)
C() 0.3349 (20) —0.1800 (21) 0.0752 (21) 6.1(6)
C(2) 0.3988 (23) —0.2861 (26) 0.1135 (26) 9.9(8)
C(3) 0.3309 (26) —0.3544 (28) 0.1378 (28) 11.8(9)
C(4) 0.1767 (21) 0.1585 (23) 0.2492 (24) 6.7 (6)
C(5) 0.1269 (30) 0.2719 (36) 0.3922 (38) 12.1(11)
C(6a) 0.1977 (60) 0.3054 (67) 0.4657 (70) 16.1(23)
C(6b) 0.1458 (64) 0.2154 (71) 0.4537 (75) 16.1(24)
C( 0.0752 (22) 0.1258 (23) —0.1080 (23) 7.1(6)
(6 ()] 0.0068 (22) 0.1839 (26) —0.1813 (28) 9.0(M
CH) 0.0216 (27) 0.0881 (31) —0.3095 (33) 13.0 (10)
C(10) 0.4167 (20) —0.0899 (22) —0.2255 (24) 6.7 (6)
C(11) 0.4797 (21) —0.0916 (23) —0.3436 27) 8.7(7
C(12) 0.4372 (32) —0.1385 (35) —0.4686 (38) 16.0 (12)
C(19) 0.2976 (21) —0.7055 24) —0.2280 (24) 8.7(D
C(26) 0.1949 (21) 0.6940 (23) 0.4914 (23) 8.5(7)
Anisotropic Thermal Parameters X 105 %
Bu B2 B33 B Bia Bas
Cu(l) 782 (31) 1842 (53) 2328 (59) —430 (30) —217 (30) 1133 (45)
Cu(2) 972 (33) 1765 (51) 1855 (51) —3550 (31) 75 (30) 706 (38)
Group Parameters®
X y z ) 4 p
Ring 1 0.2215(8) —0.4393 (10) —0.1994 (8) 106.95 (54) —171.95 (46) 5.14 (45)
Ring 2 0.2789 (9) 0.4418 (9) 0.2594 (9) 88.08 (53) 156.79 (54) —120.66 (51)

@ Numbers in parentheses in tables and in the text are estimated standard deviations in the least significant figure.
isotropic thermal ellipsoid is exp[—(Buh? + Buk? + B:3? + 2Buhk + 2814l + 2B2:kD).

® The form of the an-
¢ The coordinates x, y, and z are the fractional

coordinates of the center of gravity of the group; the angles ¢, 8, and p are the three rotation angles defined in: R. J. Doedens in
“Crystallographic Computing,” F. R. Ahmed, Ed., Munksgaard, Copenhagen, 1970, pp 198-200.

anisotropic, R; = 0.083, R, = 0.103; disordered model, copper
atoms anisotropic, R; = 0.082, R; = 0.101, Further refinement
following correction of a minor error in the data yielded the final
discrepancy factors of 0.081 and 0.100. In the final cycle of re-
finement no parameter shift was greater than 0.5¢, with the excep-
tion of several parameters of the disordered ethyl group which were
undergoing poorly damped oscillations of 0.6-2.0¢. Since the
parameters of this ethyl group are not well-known in any event and
are not strongly correlated with any parameters of interest, refine-
ment was terminated at this point. An R-factor ratio test? indi-
cated that the disordered model for C(6) was a significant improve-
ment over the ordered model at a confidence level greater than 99%7.

In the least-squares refinement the function minimized was Zw-
(|Fo] — |Fo|),2 where w = 4F,%/0%F,?). The final standard devia-
tion of an observation of unit weight was 2.5, Calculation of mean
w(AF)? values for subsets of the data as a function of uncorrected
intensity, observed F, and Bragg angle showed no significant trends.
Calculation of structure factors for data with F, < 30(F,) showed
only seven reflections with |AF |/o(F,) > 3. Scattering factors for
Cu, O, N, and C were taken from ref 28 and those of Stewart, es
al.,** were employed for H. Structure factor calculations included
provisions for the real and imaginary parts of anomalous scattering
by the copper atom. 30

(27) W. C. Hamilton, Acta Crystallogr., 18, 502 (1965).

(28) “International Tables for X-ray Crystallography,” Vol. 3, The
Kynoch Press, Birmingham, England, 1962.

(29) R. F. Stewart, E. R. Davidson, and W, T. Simpson, J. Chem.
Phys., 42, 3175 (1965).

(30) J. A. Ibers and W. C. Hamilton, Acta Crystallogr., 17, 781
(1964); Af’ and Af’’ values were taken from D. T. Cromer, ibid., 18,
17 (1965).

Final atomic positional and thermal parameters are tabulated in
Table I; derived parameters of the group atoms are given in Table
II. Intramolecular distances and angles are summarized in Tables
IIT and IV, respectively. A table of observed and calculated struc-
ture factors is available. 3!

Magnetic Susceptibility Measurements. Magnetic susceptibilities
were measured by the Faraday method by use of an Alpha Model
1402 magnetic susceptibility system equipped with an Alpha/Ains-
worth Model 1071 electronic balance and an Alpha Model 1424
variable-temperature accessory system. Measurements were made
at a field strength of ca. 8000 G on a powdered sample under nitro-
gen. The calibrantemployed was HgCo(NCS),, the magnetic suscep-
tibility of which was taken as 16.44 X 10-¢ cgs units at 20°. A dia-
magnetic correction of —169.38 X 10~ cgs units was calculated from
Pascal’s constants. The effective magnetic moment was calculated
from the equation wer; = 2.83[(xm’ — Na)T1'/2, where Na was
given the value of 60 X 1075 cgs units. The observed magnetic
susceptibility data were fitted to eq 1. In the fitting pro-
cedure, all experimentally observed susceptibilities were equally
weighted and the “best” values of g and 2/ were taken to be those
which minimized Z(xu’(obsd) —xum’(calcd))?. The magnetic data
are given in Table V.

Results

Description of the Structure. The crystal structure of

(31) A listing of structure factor amplitudes will appear following
these pages in the microfilm edition of this volume of the journal.
Single copies may be obtained from the Business Operations Office,
Books and Journals Division, American Chemical Society, 1155 Six-
teenth St., N.W., Washington, D. C. 20036, by referring to code
number JACS-73-1164. Remit check or money order for $3.00 for
photocopy or $2.00 for microfiche.
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Table II. Coordinates and Thermal Parameters of Group Atoms®
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Table IV. Bond Angles (deg)

X ¥ z B, Az
Group 1
C(13) 0.1889(14) —0.3142(11) —0.1835(12) 5.5(5
C(14) 0.3012(12) —0.3872(15) —0.2194(13) 6.4(6)
C(15) 0.1092 (9) —0.3663 (14) —0.1635(13) 6.0(6)
C(16) 0.3337(10) —0.5124(15) —0.2353(14) 7.6(7)
ca7n 0.1418 (13) —0.4914(15) —0.1793(14) 7.2(6)
C(18) 0.2540 (15) —0.5645(11) —0.2152(14) 8.4 (D)
H(1) 0.3584 (16) —0.3498 (22) —0.2338(20) b
HQ) 0.0286 (10) —0.3138(20) —0.1377 (19
H(3) 0.4143 (11) —0.5649 (21) —0.2611 (20)
H®4) 0.0846(17) —0.5289 (21) —0.1649 (21)
Group 2

C(20) 0.3165 (13) 0.3255 (11) 0.1492 (11) 5.3(5)
C(21) 0.3908 (9) 0.3684 (14) 0.2385(15) 6.3(6)
C(22) 0.2047 (12) 0.3990 (12) 0.1701 (14) 6.4 (6)
C(23) 0.3532 (13) 0.4847 (14) 0.3487 (13) 7.3 (6)
C(24) 0.1670 (9) 0.5153 (14) 0.2804 (16) 7.5(6)
C(25) 0.2413 (14) 0.5582 (11) 0.3696 (12) 8.1(7)
H(5) 0.4711 (10) 0.3156 (20) 0.2235(23)
H(6) 0.1514 (16) 0.3682 (20) 0.1060 (19)
H(7) 0.4065 (18) 0.5155 (20) 0.4129 (18)
H(8) 0.0867 (11) 0.5681 (21) 0.2954 (24)

s The positional parameters and their estimated standard devia-
tions were derived from the group parameters given in Table I.
Since the group geometry was fixed. the tabulated standard devia-
tions may not be used to estimate errors in distances or angles
within a group. ° Group hydrogen atoms were assigned tempera-
ture factors of 8.5.

Table III.  Bond Distances and Selected Intrachain
Nonbonded Contacts (A)®

(a) Copper Coordination Spheres

Cu(1)-0(1) 1.917 (14) Cu(2)-0(2) 1.957 (14)
Cu(1)-0(3) 1.928 (15) Cu(2)-0(4) 1.921 (14)
Cu(1)-0(5) 1.948 (14) Cu(2)-0(7) 1.893 (13)
Cu(1)>-N(1) 2.040 (15) Cu(2)-N(2) 2.065 (15)
Cu(1)-0(5y 2.318 (13) Cu(2)-0(7) 2.465 (14)
(b) Carboxylate Groups
O(1)-C(1) 1.26 (2) O(2y-C(1) 1.24 (2)
0(3)-C(4) 1.25(2) O(4)-C(4) 1.29(2)
O(5»-C(7) 1.34 (2) O(7)-C(10) 1.252)
O6)-C(7) 1.26 (2) 0O(8)-C(10) 1.21(2)
C(1)-C(2) 1.55(3) C(7)-C(8) 1.453)
C(2»-C(3) 1.45(3) C(8)-C(9) 1.41 (3)
C(4)-C(5) 1.62 (4) C(10)-C(11) 1.59 (3)
C(5)-C(6a) 1.24 (9) C(11)-C(12) 1.45(4)
C(5)-C(6b) 1.17 (8)
(¢c) p-Toluidine Molecules
N(1)-C(13) 1.41(2) N(2)-C(20) 1.44 (2)
C(18)-C(19) 1.59 (3) C(25)-C(26) 1.59(2)
(d) Nonbonded Contacts
Cu(1) - - Cu(2) 3.197 (4) 0(6)- - N(2) 2.76 (2)
Cu(l): - - Cu(ly 3.272 (6) O(8)- - - N(1) 2.80(2)
Cu(2) - Cu2y 3.341 (6) 0O(2): - - NQ2Y 3.04 (2)
Cu(1)- - O(6) 2.91(2) o(6)- - - O(8) 3.15(2)
Cu(2)- - - O(6) 2.96 (2)
Cu(2)---O(8) 3.14(2)

e In all tables and in the text, primes denote atoms related to
those in the asymmetric unit by a crystallographic center of sym-
metry.

bis(propionato)-p-toluidinecopper(II) is composed of
one-dimensional polymeric chains extended along the a
axis. The chains are well separated, with a shortest
interchain contact (excluding hydrogen atoms) of 3.47
A. A portion of the structure of one chain, with ethyl
and p-tolyl groups omitted for clarity, is shown in Figure
1. Two crystallographically independent copper atoms

O(1)»-Cu(1)-0(3) 91.6 (6)
O(1)-Cu(1)-0(5) 176.9 (6)
O(1)-Cu(1)-N(1) 93.3(6)
O(1)-Cu(1)-0(5)’ 98.7(5)
O(3)-Cu(1)-0(5) 90.8 (5)
O(3)>-Cu(1)-N(1) 174.7 (6)
O(3)-Cu(1)-O(5y 88.3(5)
O(5)-Cu(1)-N(1) 83.9 (6)
O(5)»-Cu(1)-0(5Y 80.2 (6)
N(1)-Cu(1)-0(5y 92.0(5)
Cu(1)-0(1)-C(1) 127.9 (15)
Cu(1)-0(3)-C(4) 128.6 (16)
Cu(1)-0(5)-C(7) 121.1(15)
Cu(1)-0(5)-Cu(1)’  99.8 (6)
Cu(1)-0(5)'-C(7)" 138.6(15)
Cu(1)-N(1)-C(13) 120.5(12)
O(1)»-C(1)>-0(2) 122.6 (23)
O(1)»-C(1)-C(2) 121.0 (22)
O(2)-C(1)-C(2) 116.4 (23)
O(5)-C(7»-0(6) 113.8(23)
O(5)-C(71)-C(8) 120.6 (24)
0O(6)-C(7)-C(8) 125.5(25)
C(1)-C(2)-C(3) 115.7 (25)
C(7)-C(8)-C(9) 106.8 (27)

O(2)-Cu(2)-0(4) 92.8 (6)
O(2)-Cu(2)-0(7) 91.4 (6)
O(2)-Cu(2)-N(2) 171.5 (6)
O(2)-Cu(2)-0(7y’ 86.0 (5)
O(4)-Cu(2)-0(7) 174.0 (6)
O(4)-Cu(2)-N(2) 93.5(6)
O(4)-Cu(2)-0(7)’ 95.3(5)
O(7)-Cu(2)-N(2) 81.9 (6)
O(7)-Cu(2)-0(7Y 80.7 (6)
N(2)-Cu(2)-0(7)” 87.7(5)
Cu(2)-0(2)-C(1) 131.8 (15)
Cu(2)-0(4)-C(4) 131.2.(16)
Cu(2)-O(7)-C(10) 124.7 (15)
Cu(2)-O(7)-Cu(2y  99.3 (6)
Cu(2)-0(7y —C(10)y" 133.8(15)
Cu(2)-N(2)-C(20) 120.6 (13)
O(3)-C(4)-0(4) 123.9 (24)
0O(3)-C(4)-C(5) 116.0 (24)
O(4)-C(4)-C(5) 120.2 (24)
O(7)-C(10)-0(8) 126.5 (24)
O(7)-C(10)-C(11)  115.2(23)
O(8)-C(10)-C(11) 118.2(24)
C(4)-C(5)-C(6a) 115.4 (48)
C(4)-C(5)-C(6b) 101.1 (59)
C(10)-C(11)-C(12) 118.9(27)
N(2)-C(20)-C(21) 120.0(13)
N(2}-C(20-C(22) 119.9 (13)

N(D)-C(13»C(14) 119.7(17)
N(D-C(13-C(15) 120.3 (13)

C(16)-C(18-C(19) 117.5(16) C(23)-C(25)-C(26) 122.0(15)
C(17)-C(18)-C(19) 122.4(19) C(24)-C(25)-C(26) 117.9 (14)
Table V. Magnetic Susceptibility Datas
T, °K x»'(obsd) Mett xv’(calcd)
85 2353 1.24 2451
92.5 2453 1.33 2472
102.5 2453 1.40 2461
115 2423 1.47 2406
125 2333 1.51 2345
135 2303 1.56 2276
154 2152 1.61 2139
174 2033 1.66 1997
194 1882 1.68 1866
214 1792 1.72 1747
234 1642 1.72 1641
253 1552 1.74 1549
278 1432 1.75 1443
302.5 1342 1.76° 1351

@ Observed susceptibility values listed are molar paramagnetic
susceptibilities per Cu?* ion in cgs units X 10%; these values are sub-
ject to an estimated standard deviation of 15-20 units on the scale
tabulated. Calculated susceptibilities are obtained from eq 1 with
g = 2.20 and 2J = —105 cm~L. ? The previously reported room
temperature u.ss value for this complex was in error.??

(labeled Cu(l) and Cu(2)) are present, each of which is
bound in a square-pyramidal configuration to four car-
boxylate oxygen atoms and to the nitrogen atom of a p-
toluidine molecule. Two of the four independent
carboxylate groups function as bidentate ligands, bridg-
ing Cu(l) and Cu(2) in a syn,syn configuration. The
remaining two propionate groups are monodentate and
form monatomic oxygen bridges from a basal site of
one copper atom to the apical site of its centrosym-
metric equivalent. In the resulting chain structure the
copper—copper vectors form a zig-zag line, with Cu(2)—
Cu(1)-Cu(l)’ and Cu(1)-Cu(2)-Cu(2)’ angles of 147.5
(2) and 151.1 (2)°, respectively.

The two independent copper atoms Cu(l) and Cu(2)
are linked in a manner reminiscent of the dimeric cupric
acetate structure, but with two rather than four tri-
atomic carboxylate bridges. One basal coordination
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Figure 1. A portion of the linear chain structure of bis(pro-
pionato)-p-toluidinecopper(Il). Ethyl and p-tolyl groups have been
omitted for clarity. Atom labels not shown in the figure are de-
fined as follows: ethyl carbon atoms are given numbers (1) (-
carbon) and (2) (8-carbon) units greater than the number of the
corresponding carboxylate carbon atom; phenyl carbon atoms are
numbered C(13)-C(18) and C(20)-C(25) with the lowest numbered
carbon atom bound to the NH, group; hydrogen atoms (1)-(4)
are bound to carbon atoms (14)«(17) and hydrogens (5)-(8) to
carbons (21)—(24); the methyl carbon atoms are numbered 19 and
26.

site of each metal atom is occupied by the nitrogen
atom of a p-toluidine molecule; a probable N-H:--O
hydrogen bond links this atom to the free oxygen atom
of one monodentate propionate group. The two
square-pyramidal copper coordination polyhedra are
tilted so that their basal planes make a dihedral angle of
50.0° and the Cu(l)---Cu(2) distance is 3.197 (4) A

these parameters may be compared with the parallel
basal planes and Cu- - - Cu separation of ca. 2.6 A found
in the cupric acetate structure. The tilting of the copper
coordination polyhedra is reflected in the Cu-O-C
angles of the bidentate carboxylate groups; these angles
have an average value of 130.0 (15)°, about 5° greater
than is typically observed in complexes with the copper-
(IT) acetate structure.

The linkages of Cu(l) and Cu(2) with their centro-
symmetric equivalents are qualitatively similar, both
consisting of a pair of monatomic oxygen bridges from
a basal coordination site of one copper atom to the
apical site of an adjacent metal atom and resulting in
the sharing of an apical edge by the two square-pyra-
midal coordination polyhedra. We are aware of only
one other instance in which a monodentate carboxylate
group bridges two metal atoms in this fashion.?? The
Cu(2)-Cu(2)’ bridge is less symmetric than that be-
tween Cu(l) and Cu(l)’ as a consequence of a longer

(32) J. N. Brown, H. R. Eichelberger, E. Schaeffer, M. L. Good, and
L. M. Trefonas, J. Amer. Chem. Soc., 93, 6290 (1971),

Cu-apical O bond (Cu(1)}-O(5)’ = 2318 (13) A,
Cu(2)-0(7)’ = 2.465 (14) A). The Cu(1)-Cu(l)’ and
Cu(2)-Cu(2)’ distances are 3.272 (6) and 3.341 (6) A,
respectively.

The coordination geometry about each copper atom
is distorted square pyramidal. As can be seen from the
results of least-squares plane calculations summarized in
Table VI, Cu(l) lies in the plane defined by the atoms

Table VI

(1) Plane Containing O(1), O(3), O(5), and N(1)
Equation of Plane: 0.9017X + 0. 3611Y — C. 2377Z = 1.1531
Distances to plane A)

Least-Squares Planese

o(1) —0.019 N(1) 0.020
o) 0.020 Cu(l) 0.0005
o(5) —0.021

(2) Plane Containing O(2), O(4), O(7), and N(2)
Equation of Plane: —0.8874X 4 0.1468Y — 0.4370Z = —4.3578
Distances to plane (A)

0(2) —0.015 N(2) ~0.015
O(4) 0.014 Cu(2) 0.082
o(7) 0.016

e Unit weights were employed in the calculation of all planes.
The equations of the planes are expressed with respect to coordi-
nates (X, Y, Z) referred to an orthogonal system (4, B, C) oriented
with respect to the crystallographic axes such that 4 is parallel
to a, B is parallel to ¢* X a, and C is parallel to A X B.

occupying its basal coordination sites, while Cu(2) is
below (i.e., on the opposite side to O(7)’) its basal plane
by 0.08 A. The apical O-Cu-basal atom angles about
both copper atoms vary considerably—from 80.2 (6) to
98.7° for Cu(1) and from 80.7 (6) to 95.3 (5)° for Cu(2).
In both cases the smallest such angle involves the centro-
symmetric equivalent of the apical oxygen atom and the
largest angle is associated with an oxygen atom of a
triatomic bridging carboxylate group. Basal Cu-O
distances vary over a normal range of 1.893 (13)-
1.957 (14) A and Cu-N distances are 2.040 (15) and
2.065 (15) A.

The C-O distances and O—C-O angles of the tri-
atomic bridging carboxylate groups are normal, with
average values of 1.26 (2) A and 123.2 (24)°, respec-
tively. In the monatomically bridging carboxylate
groups the C-O distances range from 1.21 (2) to 1.34
(2) A and the O—C—-O angles are 113.8 (23) and 126.5
(24)°. The C-C distances of the ethyl groups (not in-
cluding the C(5)-C(6) distances) average t0 1.50 (3) A;
the variation of these distances is greater than usual,
owing presumably to the high thermal motion and/or
partial disorder of the ethyl carbon atoms.

Magnetic Results. In Figure 2, the magnetic data
given in Table V are represented graphically. Included
in this figure are the susceptibility data reported by
Kokot and Martin for copper(II) butyrate - p-toluidine.??
We regard their data as identical with ours within ex-
perimental error. Mabbs, et al., have also reported
magnetic susceptibility vs. temperature data for copper-
(II) propionate-p-toluidine;? their data show appre-
ciable deviations from ours, particularly at low tem-
peratures. The best fit of our magnetic data to the
dimer equation occurs for g = 2.20 and 2J = —105
em—!. These parameters are in very good agreement
with Kokot and Martin’s values (g = 2.18 and 2J =

(33) R. C. Komson, A. T. McPhail, F. E. Mabbs, and J. K. Porter,
J. Chem. Soc. A, 3447 (1971).
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Figure 2. Magnetic susceptibility vs. T(°K) data. Open circles
are experimental data points; triangles are data for cupric butyrate-
p-toluidine from ref 22, The solid line represents the susceptibilities
calculated fromeq 1 withg = 2.20and 2/ = —105cm1,

— 101 ecm™!) for the butyrate adduct. The g value for
the propionate adduct has also been estimated by Ablov,
et al., on the basis of solid-state epr measurements. 4
These workers obtained the values g, = 2.045 =+ 0.01
and g, = 2.37 = 0.03; corresponding to an average g
of 2.15.

Discussion

Although the structure found for copper(Il) propi-
onate - p-toluidine was unexpected and unprecedented,
it is in fact closely related to the crystal structure of
anhydrous cupric propionate.®® In the anhydrous salt,
carboxylate-bridged dimers are linked into a chain
structure by apical Cu-O interactions of length ~2.35
A. The resulting structure, shown schematically in
Figure 3, has a zig-zag chain of copper atoms much like
that found in the present case. In the p-toluidine
adduct, however, two of the four carboxylate bridges
are broken and a p-toluidine molecule occupies a basal
coordination site of each cupric ion. Freed of the con-
straints provided by the two broken carboxylate
bridges, the two independent copper atoms spread
apart in order to accommodate the addend molecule
while retaining the other two triatomic bridges.

The reasons for the adoption of this structure in
preference to the more common dimeric copper(Il)
acetate hydrate structure of identical stoichiometry are
by no means clear and further experimental data will be
required before resolution of this point is possible.
Factors worthy of consideration include the presumed
N-H---O hydrogen bonds, the steric requirements of
the p-toluidine molecule, and possible preference of ani-
line-type bases for binding in basal rather than apical
coordinationsites.?® On the basis of published magnetic
susceptibility and epr studies,?23* it seems to us likely
that many other copper(II) carboxylate adducts of sub-
stituted anilines adopt structures similar to that of cop-

(34) A. V. Ablov, L. N. Milkova, and Yu, V. Yablokov, Russ. J.
Inorg. Chem., 16, 178 (1971).

(35) Yu. A, Simonov and T. I. Malinovskii, Sov. Phys. Crystallogr.,
15, 310 (1970).

(36) In this connection, however, it should be noted that aniline
adducts of several copper(II) arylcarboxylates have been prepared and
appear to have the dimeric copper(ll) acetate structure with the aniline
molecules occupying apical coordination sites, !t
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Figure 3. The structure of anhydrous copper(1l) propionate, as
reported in ref 35.

per(Il) propionate - p-toluidine. It will be of interest to
determine whether adducts of aliphatic amines also have
this structure. Also of interest will be studies of the
adduct in solution in an effort to determine the princi-
pal species present under various conditions and to
correlate spectral and magnetic properties of the solu-
tions. Such studies are now in progress in our labora-
tory.

As is evident from Table V and Figure 2, the observed
magnetic susceptibility data over the temperature range
85-302°K may be represented by the usual equation for
an isolated pair of interacting ions of spin !/». This be-
havior can most simply be accounted for by presuming
the predominant interaction within the one-dimen-
sional chain to be a pairwise one. This would notimply
that additional magnetic interactions are absent, but
only that such interactions, if present, are not large
enough to significantly alter the magnetic susceptibility
over the temperature range studied.

As usual, no direct experimental evidence exists which
permits a definitive choice to be made from among the
various modes of Cu—Cu interaction which could, in
principle, exist in this complex. However, indirect
evidence leads, in our view, to a persuasive interpreta-
tion of the observed magnetic properties. First, the
long Cu—Cu distances (ranging from 3.197 (4) to 3.341
(6) A) and the low symmetry of the individual ion pairs
render a predominantly “direct” (i.e., associated with
overlap of orbitals on adjacent Cu?t ions) metal-
metal interaction unlikely. The shortest Cu---Cu
contact is more than 0.5 A longer than the Cu.- Cu
separation in cupric acetate hydrate, for which the
mechanism of Cu-Cu interaction has been the subject of
much debate. It seems highly improbable that a
significant direct interaction could be maintained at a
Cu-Cu separation as great as 3.2 A. Granting this,
one is left with the possibility of an indirect “‘super-
exchange” mechanism involving one or more of the
three types of Cu—Cu bridging linkages as the most
probable alternative.
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Of the three types of Cu—Cu bridge, two are mon-
atomic oxygen bridges linking the apical coordination
site of one copper atom with a basal site of an adjacent
metal ion. Though recent work has clearly demon-
strated that detectable copper—copper magnetic inter-
actions can occur vig this type of linkage, such inter-
actions have invariably been substantially smaller than
that observed in the present case.® 4 Thus a recent
tabulation of magnetic parameters for oxo-bridged

dimers of this structure type*! lists values of 27 ranging"

from —18 to +40 cm~!. We thus consider it unlikely
that the bridging oxygen atoms O(5) or O(7) could pro-
vide the major pathway for the observed magnetic
coupling. In further support of this conclusion, we
note the fact that the bridges formed by O(5) and O(7)
are nonequivalent, with apical Cu~O distances of 2.318
(13) and 2.465 (14) A, respectively. The conformity of
the magnetic data to the dimer model would require that
the two structurally different configurations be
associated with interactions which are approximately
equal, or which combine fortuitously to give the mag-
netic behavior of a dimer. Such an interpretation,
though conceivable, is certainly unappealing. Finally,
it should be noted that apical-to-basal Cu—O—Cu link-
ages, much like those observed in the present case, are
found in anhydrous cupric propionate® and appear to

(37) W. E. Hatfield, J. A. Barnes, D. Y. Jeter, R, Whyman, and
E. R. Jones, J. Amer. Chem. Soc., 92, 4982 (1970).

(38) G. O. Carlisle and W. E. Hatfield, Inorg. Nucl. Chem. Lett., 6,
633 (1970).

(39) J. F. Villa and W. E. Hatfleld, ibid., 6, 511 (1970); J. F. Villa,
J. M. Flowers, and W. E. Hatfield, Spectrosc. Lert., 3, 201 (1970).

(40) J. F. Villa and W. E. Hatfield, Chem. Phys. Lett., 9, 568 (1971).

(413 W. E. Hatfield, Inorg. Chem., 11, 216 (1972).

have no significant influence on the magnetic properties
of the anhydrous salt. That the observed pairwise
interaction in the anhydrous cupric alkanoates occurs
between the carboxylate-bridged copper atoms rather
than between the oxo-bridged pairs is concluded from
the very similar magnetic susceptibility behavior of the
discrete dimer [Cu(O.CCH,),- H;O]; and the anhydrous
salts.®4?  We conclude that the magnetic susceptibility
behavior of bis(propionato)-p-toluidinecopper(Il) can
best be accounted for by a pairwise interaction between
Cu(l) and Cu(2) for which the principal pathway is an
indirect one involving the triatomic carboxylate bridges.
Again it must be emphasized that other coupling terms
may well be present, but are likely to be much smaller
than the principal mode of interaction.

Finally, it is important to note that copper(Il)
propionate p-toluidine conforms to all of the criteria
which have commonly been taken to infer for a cupric
carboxylate adduct a structure of the dimeric copper(1I)
acetate hydrate type. These criteria include the Cu-
(O,CR),-L stoichiometry, conformity of the tempera-
ture dependence of the magnetic susceptibility to eq 1,
and the presence of an absorption band at ca. 3800 A,
both in the solid state and in solution. Clearly these
criteria are insufficient in themselves to specify the
dimeric copper(II) acetate structure and must be
amended.
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Abstract:
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The preparation of a zinc derivative of the new ligand N,N’-dimethyl-N,N’-bis(8-mercaptoethyl)-

ethylenediamine is described. The molecular structure of a hydrate of the tetranuclear complex, [Zny(CsH;sN»S)s-
Cl],- 2H,0, has been determined in a single-crystal X-ray diffraction study. The compound crystallizes in the
monoclinic system, space group P2,/c, with a = 11.874 (3) A, b = 10.260 (2) A, ¢ = 14.260 (3) A, and 8 = 113.92
(1)°. The density of 1.782 g/em? calculated on the basis of two formulas per unit cell is in agreement with the
measured density 1.778 (3) g/cm?. The structure was solved using 1156 independent, statistically significant re-
flections collected on a full-circle automated diffractometer. Refinement of all atoms including the water and
methylene hydrogens led to a final value for the discrepancy index, Ry, of 0.054. The structure is a centrosymmetric
array of four coplanar zinc atoms with four bridging mercaptide ligands. There are two types of zinc atoms, one
with a strongly distorted tetrahedral N,S, donor atom set, and the other with a regular tetrahedral CLS, donor

atom set.
constraining ligand L are described.

In a study of the effect of steric strain on the electronic
and redox properties of metal-sulfur complexes,!
the ligand N,N’-dimethyl-N,N’-bis(3-mercaptoethyl)-

(1) (a) D. F. Lewis, S. J. Lippard, and J. A. Zubieta, J, Amer. Chem,
Soc., 94, 1563 (1972); (b) W. J. Huy, K. D. Karlin, and S. J. Lippard,
work currently in progress,

The lattice water is hydrogen bonded to chlorine atoms.

The geometrical consequences of the sterically

ethylenediamine (I) was designed.? The synthesis was
achieved by mercaptoethylation of the parent diamine
using ethylene monothiocarbonate.? In order to assess

(2) Chemical control of this steric strain is synthetically possiblg by
varying the number of methylene groups between the donor atoms in I.

(3) D. D. Reynolds, M. K, Massad, D. L. Fields and D. J. Johnson,
J. Org. Chem., 26, 5109 (1961),
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